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We discuss a five dimensional inflationary scenario based on a supersymmetric 
^ 50(10) model compactified on S^/(Z2 x Z'2). Inflation is implemented through 

, scalar potentials on four dimensional branes, and a brane-localized Einstein-Hilbert 

term is essential to make both brane vacuum energies positive during inflation. 
The orbifold boundary conditions break the 50(10) gauge symmetry to 5(7 (4)c X 
SU{2)l X SU{2)ii (= H). The inflationary scenario yields ST/T oc (M/Mpianck)^, 
{^X) which fixes M, the symmetry breaking scale of H to be close to the SUSY GUT 

^ , scale of 10^^ GeV. The scalar spectral index n is 0.98 — 0.99, and the tensor to 

' scalar ratio r is ^ 10~*. The inflaton decay into the lightest right handed neutrinos 

^ ' yields the observed baryon asymmetry via leptogenesis. 
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1 Introduction 



Supersymmetric grand miified theories (SUSY GUTs) provide a prominent 
framework for physics beyond the standard model, and it is therefore natural 
to ask if there exists in this framework an intimate connection with inflation. 
00 I Indeed, a class of realistic SUSY inflationary models elegantly addresses the 

■ question^ in a promising SUSY inflationary model 121 based on the 5*0(10) 

2 , subgroup SU (4)c x SU{2) l x SU{2)r (= H)^, for instance, the scalar spectral 

index n in the model has a value very close to unity (typically n « 0.98 — 0.99) 



in excellent agreement with a variety of observations including the recent 



I ' WMAP data™ In particular, the quadrupole microwave anisotropy is pro- 

Oh. portional to (M/Mpianck)^, where M denotes the gauge symmetry breaking 

^ I scale of H, and Mpianck — 1-2 x 10^^ GeV. Thus, M is expected to be of 

order 10^^ GeV, which is quite close to the supersymmetric grand uniflcation 
scale inferred from the evolution of the minimal supersymmetric standard 
^ . model (MSSM) gauge couplings. The vacuum energy density during inflation 

^ ' is of order 10^'' GeV, so that the gravitational contribution to the quadrupole 

anisotropy is essentially negligible. The inflaton field in this scenario eventu- 
ally decays into right handed neutrinos, whose out of equilibrium decays lead 
to leptogenesis ^ - . However, a straightforward extension to the full 5*0(10) 
model is obstructed by the notorious doublet-triplet splitting problem. 

Orbifold symmetry breaking in higher dimensional GUTs have recently 
attracted a great deal of attention because the two particularly pressing prob- 
lems encountered in four dimensional (4D) SUSY GUTs, namely, the doublet- 
triplet splitting problem and the dimension five proton decay problem are 



•BASED ON THE WORK COLLABORATED WITH Q. SHAFI (PHYS. LETT. B556, 
97 (2003) HEP-PH/0211059 ) 
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easily circumvented without fine-tuning of parameters The existence of 
the orbifold dimension can readily break a grand unified symmetry such as 
50(10) to its maximal subgroup H^. Our objective here is to take advan- 
tage of recent orbifold constructions of five dimensional (5D) supersymmetric 
50(10), and provide a 5D framework which can be merged with the four di- 
mensional (4D) supersymmetric inflationary scenario based on H^. Because 
of = 2 SUSY (in 4D sense) in 5D bulk, the F-term inflaton potential is al- 
lowed only on the 4D orbifold fixed points (branes), where only iV = 1 SUSY 
is preserved. 



2 F-term Inflation 

The four dimensional inflationary model is best illustrated by considering the 
following superpotential which allows the breaking of some gauge symmetry 
G do wn to SU{3)c x SU(2)l x U{1)y, keeping supersymmetry (SUSY) intact 
ITITnt 

W^infl = k5(00 - M2) . (1) 

Here (p and 4> represent superfields whose scalar components acquire non-zero 
vacuum expectation values (VEVs). For the particular example of G = if 
above, they belong to the (4, 1, 2) and (4, 1, 2) representations of H. The (j), (f> 
VEVs break H to the MSSM gauge group. The singlet superfield S provides 
the scalar field that drives inflation. Note that by invoking a suitable R 
symmetry J7(l)fl, the form ofW is unique at the renormalizablc level, and it is 
gratifying to realize that R symmetries naturally occur in (higher dimensional) 
supersymmetric theories and can be appropriately exploited. From W, it is 
straightforward to show that the supersymmetric minimum corresponds to 
non-zero (and equal in magnitude) VEVs for and (j), while (S) = 0. (After 
SUSY breaking a la N = 1 supergravity (SUGRA), (S) acquires a VEV of 
order 7713/2 (gravitino mass)). 

An inflationary scenario is realized in the early universe with both (j), cj) 
and S displaced from their present day minima. Thus, for S values in excess 
of the symmetry breaking scale M, the fields (j), cj) both vanish, the gauge 
symmetry is restored, and a potential energy density k^M'^ (= Vo) dominates 
the universe. With SUSY thus broken, there are radiative corrections from 
the (p-cj) supermultiplets that provide logarithmic correc tions to the potential 
which drives inflation. In one loop approximation OJlil 



V^Vo 



,(2) 



where z = x'^ = \S\'^/A'P, A denotes a renormalization mass scale and A^ 
denotes the dimensionality of the (p, <j) representations. From Eq. the 
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quadrupole anisotropy is found to be 



\T)q VN\i5j \MpUnckJ Q^Q^^Q^ ^' 

The subscript Q is there to emphasize the epoch of horizon crossing, i/q « 
xq{1 — 7/12xq + ■■■), /(xq)^^ « l/^^Q, for Sq sufficiently larger than M, 
and Nq « 50 — 60 denotes the e-foldings needed to resolve the horizon and 
flatness problems. From the expression for ST/T in Eq. and comparison 
with the COBE result {ST/T)q « 6.6 x IQ-e lill, it follows that the gauge 
symmetry breaking scale M is close to lO""^^ GeV. Note that M is associated 
in our S'O(IO) example with the breaking scale of H (in particular the B — L 
breaking scale), which need not exactly coincide with the SUSY GUT scale. 
We will be more specific about M later. 

The relative flatness of the potential ensures that the primordial density 
fluctuations are essentially scale invariant. Thus, the scalar spectral index n 
is 0.98 for the simplest example based on W in Eq. 

Several comments are in order: 

• The 50-60 e-foldings required to solve the horizon and flatness problems 
occur when the inflaton field S is relatively close (to within a factor of order 
1-10) to the GUT scale. Thus, Planck scale corrections can be safely ignored. 

• For the case of minimal Kahler potential, the SUGRA corrections do not 
affect the scenario at all, which is a non-trivial result^. More often than not, 
supersymmetric inflationary scenarios fail to work in the presence of SUGRA 
corrections which tend to spoil the flatness of the potential needed to realize 
inflation. 

• Turning to the subgroup H of 50(10), one needs to take into account the 
fact that the spontaneous breaking of H produces magnetic monopoles that 
carry two quanta of Dirac magnetic charge An overproduction of these 
monopoles at or near the end of inflation is easily avoided, say by introducing 
an additional (non-renormalizable) term S{(j)(j))'^ in W, which is permitted 
by the C/(l)i{ symmetry. The presence of this term ensures the absence of 
monopoles as explained in Ref. El. Note that the monopole problem is also 
avoided by choosing a different subgroup of 50(10). 

• At the end of inflation the scalar fields 0, 0, and S oscillate about their 
respective minima. Since the </>, </> belong respectively to the (4,1,2) and 
(4,1,2) of 5C/(4)c X SU{2)l x SU{2)r, they decay exclusively into right 
handed neutrinos via the superpotential couplings, 

W = j^4>4'FtF,^ , (4) 

where the matter superfields F[ belong to the (4, 1,2) representation of H, 
and Mp = A/pianck/\/87r = 2.44 x 10^* GeV denotes the reduced Planck mass, 
and 7i are dimensionless coefficients. 
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3 Inflationary Solution and Brane Gravity 



We consider 5D space-time {x^,y), fi — 0,1,2,3, where the fifth dimension 
is compactified on an /Z2 orbifold. The results in S"^ jZ^ could be readily 
applied to the S"^ /{Z2 x Z'2) case. The action is given by 



5" = 



Ml „ 



v/555 



A. 



/9b5 



(5) 



where i?5 (-R4) is the 5 dimensional (4 dimensional) Einstein-Hilbert term", 
and Ai, A2 are the brane cosmological constants. Note that the bulk cosmolog- 
ical constant is not introduced in the action. M5 and M4 are mass parameters. 
The cosmological constants on the branes could be interpreted the vacuum 
expectation values of some scalar potentials from the particle physics sector. 
The brane curvature scalar (Ricci scalar) RA{g^v) is defined with the induced 
metric of the bulk metric, g^v{x) = gfj,^{x,y = 0) {fi,i' = 0,1,2,3). For an 
inflationary solution, we take the metric ansatz, 



ds^ = P^{y){^dt^ + e 



2Hot 



dx^ 



dy^ 



(6) 



where Hq could be interpreted as the 4 dimensional Hubble constant. The 
non- vanishing components (/z, /i) and (5, 5) of the 5 dimensional Einstein equa- 
tion derived from gives 

2 / air\ / TT \2 
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Ho 



Ml 
Ml 



Ho 

a 



, 



(7) 



(8) 



where primes denote derivatives with respect to y. The last term in the left 
hand side in Eq. Q arises from the brane scalar curvature term, and vanishes 
when Ho = 0. 

The solutions to the equations Eq. Q and ((HJ is given by 

/3(y) = ±i/o|y|+c (9) 

where c (« 1) is an integration constant. The introduction of the brane scalar 
curvature term does not affect the bulk solutions but it modifies the 
boundary conditions at j/ = and y = ?/c, 

Ai 

A2 



c 2 Ml 



6Ml 



±Ho 
c± Hoyc 



6Ml 



(10) 
(11) 



"The importance of the brane-locahzed 4D Einstoin-Hilbort term, especially for generating 
4D gravity in a higher dimensional non-compact flat space was first noted in Ref. 03. 
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We note that Ai and A2 are related to the 4 dimensional Hubble constant Hq. 
While their non-zero values are responsible for the 3-space inflation, vanishing 
brane cosmological constants guarantee a 4 dimensional flat space-time. When 
Ai = 0, A2 must be also zero. Hence it is natural that the scalar field which 
controls inflation is introduced in the bulk. ^ 

For A2 > and c > -ffoj/c (~ Hq/AIqut), '+' is chosen in Eq. From 
Eqs. (|10|I ~- H11(I . we also note that the brane cosmological constants Ai and 
A2 should have opposite signs in the absence of the brane curvature scalar 
contribution at y — 0. However, a suitably large value of M4/M5 can even 
make the sign of Ai positive. Since the introduction of the brane curvature 
term does not conflict with any symmetry that may be present, there is no 
reason why su ch a term with a parameter M4 that is large compared to M5 
is not allowed ^1 Thus, Ai and A2 could both be positive and this fact will 
be exploited for implementing the inflationary scenario. 

The condition for a positive brane cosmological constant on Bl is found 
from (^01) to be (ffo/c) (M|/M|) > 2. For k ^ 10"^, say, and c 1, we have 
Ho - 10" GeV and M5 ~ lO^^ GeV (so that Mi - Mp). Thus, there exists a 
hierarchy of order 10^ between the 5D bulk scale M5 and the four dimensional 
brane mass scale M4. One could construct a simple model to explain itl^. 

Our main task is to embed the 4D supersymmetric inflationary scenario 
in 5D space-time, employing the framework and solutions discussed above. In 
order to extend the setup to 5D SUGRA, a gravitino tpM and a vector field 
Bm should be appended to the graviton (fiinfbein) e^. Through orbifolding, 
only = 1 SUSY is preserved on the brancs. The brane- localized Einstein- 
Hilbert term in Eq. jsj is still allowed, but should be accompanied by a 
brane gravitino kinetic term as well as other terms, which is clear in off-shell 
SUGRA formalism In a higher dimensional supersymmetric theory, a F- 
term scalar potential is allowed only on the 4 dimensional fixed points which 
preserve A'^ = 1 SUSY. We require a formalism in which inflation and the 
Hubble constant Hq are controlled only by the brane cosmological constants, 
such that during inflation the positive vacuum energy slowly decreases, and 
the minimum of the scalar potential corresponds to a flat 4D space-time. The 
boundary conditions Hl()|l and meet these requirements in the presence 
of the additional brane scalar curvature term at ?/ = 0. 



4 5D 50(10) Model on 57(^2 x Z^) 

Let us consider the 4D S'[/(4)c x SU{2)l x S'C/(2)fl(= H) supersymmetric 
inflationary model^l An effective 4D theory with the gauge group H is readily 
obtained from a 5D 5*0(10) gauge theory if the fifth dimension is compactified 
on the orbifold 5^/(^2 x Z2) where Z2 refiects y —y, and Z2 reflects 

''Since SUSY is broken at low ene rgies, the minima of the inflaton potentials on both branes 
should be fine-tuned to zero. El 
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y' ^ —y' with y' = y + yc/2. There are two independent orbifold fixed points 
(branes) at y = and y = Vcj'i--, with iV = 1 SUSYs and gauge symmetries 
H and S'O(IO) respectively M The SO{VS) gauge multiplet (Am,A\A2,$) 
decomposes under H as 

— ^ y{\h,\,\) + ^(1,3,1) + ^(1,1,3) + ^(6,2,2) (12) 

+ ^(15,1,1) + S(l,3,l) + ^(1,1,3) + S(6,2,2) ) 

where V and E denote the vector multiplet (A^, A^) and the chiral multiplet 
((4> + iA5)/-\/2, A^) respectively, and their (Z2, Z'^ parity assignments and KK 
masses are shown in Table I. 



Vector 


V(15,l,l) 


V(1.3.1) 


^(1.1,3) 


V{6,2,2) 


Masses 


( + , + ) 

In-Kjyc 


(+,+) 

2mT/yc 


( + ,+) 

2n7r/yc 


(-,+) 

(2n+l)7r/y, 


Chiral 


^(15.1.1) 


E(l,3.1) 


5^(1.1.3) 


E(6.2,2) 


Masses 


(-,-) 

(2n + 2)7r/yc 


(-,-) 

(2n + 2)^/?;, 


(-,-) 
(2n + 2)7r/y, 


( + ^-) 

(2n+l)7r/yc 



Table I. {Z2, Z2) parity assignments and Kaluza-Klcin masses (n = 
0, 1, 2, • • •) for the vector multiplet in iV = 2 SUSY 50(10). 



The parities of the chiral multiplets E's are opposite to those of the vector 
multiplets V's in Table I and hence, N — 2 SUSY explicitly breaks to N = 1 
below the compactification scale tt/j/c- As shown in Table I, only the vec- 
tor multiplets, V(i5_i^i), V(i_3_i), and V(i_i^3) contain massless modes, which 
means that the low energy effective 4D theory reduces to TV = 1 supersym- 
metric SU{4)c x SU{2)l x SU{2)ji. The parity assignments in Table I also 
show that the wave function of the vector multiplet V(6,2,2) vanishes at the 
brane located at y = (Bl) because it is assigned an odd parity under Z2, 
while the wave functions of all the vector multiplets should be the same at the 
y = yc/2 brane (B2). Therefore, while the gauge symmetry at B2 is 50(10), 
only SU{4:)c x SU{2)l x 5C/(2)fl is preserved at Bl^l. 

The inflationary solution requires positive vacuum energies on both branes 
Bl and B2. While the scalar potential in Eq. (O would be suitable for Bl, 
an appropriate scalar potential on B2 is also required. Since the boundary 
conditions in Eq. (|10l) and (|ll|l require Ai and A2 to simultaneously vanish, 
it is natural to require 5 to be a bulk field. Then, the VEVs of S on the two 
branes can be adjusted such that the boundary conditions are satisfied. As 
an example, consider the following superpotential on B2, 

Wb2 ^ KiS{ZZ - Ml) , (13) 

where Z and Z arc 50(10) singlet superfields on the Bl brane with opposite 
U{1)r charges. 
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5 Leptogenesis 



After inflation is over, the oscillating system consists of the complex scalar 
fields $ = (50 + 6(j)), where 5(l> = (j> - M (5(j) = (j) - M), and S, both with 
masses equal to rriinfi = V2kM. Through the superpotential couplings in 
Eq. Q), these fields decay into a pair of right handed neutrinos and sneutrinos 
respectively, with an approximate decay width 121 

where Mi denotes the mass of the heaviest right handed neutrino with 2Mi < 
Winfl, so that the inflaton decay is possible. Assuming an MSSM spectrum 
below the GUT scale, the reheat temperature is given 

Tr^-VTM;^-{ — ) V^M, . (15) 



3^ " 12V^Q, 

For uq ^ unity (see below), and Tr ^ 10^'^ GeV from the gravitino con- 
straint H^, we require M, < 10^° - 10^^-^ GeV. 

In order to decide on which Mi is involved in the decay ^1 let us start 
with atmospheric neutrino {v^ ~ ^t) oscillations and assume that the light 
neutrinos exhibit an hierarchical mass pattern with » m2 » mi. Then 
Awatm « ma ft! mjj^/Ms, where moa (= mt{Mj) denotes the third family 
Dirac mass which equals the asymptotic top quark mass due to SU{'i)c- We 
also assume a mass hierarchy in the right handed sector, M3 >> M2 >> Mi. 
The mass M3 arises from the superpotential coupling Eq. and is given by 
M3 = 273MVMP - 10^'^ GeV, for M - 10^^ GeV and 73 ~ unity. This 
value of M3 is in the right ball park to generate an ^ ^ eV (^ ^yArr^^^), 
with mt(M) ~ 110 GeVll^l. It follows from (O that Mi in ^ cannot be 
identified with the third family right handed neutrino mass AI^. It should also 
not correspond to the second family neutrino mass M2 if we make the plausible 
assumption that the second generation Dirac mass should lie in the few GeV 
scale. The large mixing angle MSW solution of the solar neutrino problem 
requires that V^mJ^ « TO2 - GeVV^a - eV, so that M2 > 10" -10^^ 
GeV. Thus, we are led to conclude ^1 that the inflaton decays into the lightest 
(first family) right handed neutrino with mass 

Ml - 10^° - lO^"-^ GeV , (16) 

such that 2Mi < mjnfl. 

The constraint 2M2 > minfl yields yg < 3.3472, where M2 = 2j2M'^/Mp. 
We will not provide here a comprehensive analysis of the allowed parameter 
space but will be content to present a specific example, namely 

M ft 8 X 10^^ GeV , k ft 10"^ , mi„fl - 10^^ GeV (- M2) , (17) 
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with uq « 0.4 (corresponding to xq near unity, so that the inflaton S is quite 
close to M during the last 50-60 e- foldings). 

Note that typically k is of order 10~^- few xlO~''^El go that the vacuum 
energy density during inflation is ^ 10^** — 10^^ Mq^t- Thus, in this class 
of models the tensor to scalar ratio r is highly suppressed, r < lO^''. With 
K ~ few X 10"'' (lO"-^), the scalar spectral index n « 0.99 (0.98). 

The decay of the (lightest) right handed neutrinos generates a lepton 
asymmetry which is given byl^ 

UL 10 f Tr \ [MA clsl sm2S (m|,, - m^,)^ 

where the VEV \ {h) \ w 174 GeV (for large tan/3), rn_Di.2 are the neutrino Dirac 
masses (in a basis in which they are diagonal and positive), and cg = cosO, 
sg = sinO, with 9 and S being the rotation angle and phase which diagonalize 
the Majorana mass matrix of the right handed neutrinos. Assuming cg and 
Sg of comparable magnitude, taking » nfiDi, and using (|16|l and H17|l . 
Eq. l(TS|) reduces to 



^ « 10-8-5c2sin2,5 



Tr Ml lO^GeV to|,2 



109-5GeV 2 • IQio-SGeV M, lOOGeV^ 



,(19) 



which can be in the correct ball park to account for the observed baryon 
asymmetry ub/s (~ —28/79 til/s). 



6 Conclusion 



We have proposed a realistic model, which nicely blends together four par- 
ticularly attractive ideas, namely supersymmetric grand unification, extra di- 
mension, inflation and leptogenesis. To accomodate a 4D F-term inflationary 
model in 5D, a brane gravity term is necessary. The doublet-triplet problem 
is circumvented by utilizing orbifold breaking of /S'O(IO), which may also help 
in suppressing dimension five proton decay. Concerning inflation, the scalar 
spectral index n lies very close to unity (« 0.98 — 0.99), and the tensor to 
scalar ratio r is highly suppressed ( < 10"**). Finally, the inflaton decay pro- 
duces heavy right handed Majorana neutrinos (in our case the lightest one), 
whose subsequent out of equilibrium decay leads to the baryon asymmetry 
via leptogenesis. 
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